Acute lung injury (ALI) is a severe progressive disorder that arises from a wide range of causes such as toxins or inflammation, resulting in significant morbidity and mortality. There are no effective therapeutic options apart from mechanical ventilation strategies. While the mechanisms that govern the clinically relevant process of increased endothelial cell (EC) permeability and remodeling associated with ALI are under intense investigation, our knowledge of the processes that determine barrier enhancement or preservation are far from completion. Recently, epigenetic mechanisms have emerged as a major regulator of enduring changes in cell behavior and the therapeutic potential of inhibiting histone deacetylases (HDACs) for the treatment of cardiovascular and inflammatory diseases has gained remarkable attention. Although HDACs have been shown to play an important role in regulating EC barrier function, the involved HDAC subtypes and mechanisms remain undefined. Further investigation of the HDAC signaling may provide therapeutic approaches for the prevention and treatment of ALI.
INTRODUCTION
Acute lung injury (ALI) is a significant source of morbidity and mortality with over 200,000 incidences per year in the US [1, 2] . ALI arises from a wide range of causes such as toxins or inflammation resulting in significant morbidity and frequently in death [3] . To date no pharmacological therapies have been proven to improve ALI in clinical trials [4] . Approaches remain non-specific and rely on supportive care and control of initial causes [5] . A major pathophysiological alteration of ALI is the dysfunction of the pulmonary vascular endothelial barrier resulting in pulmonary infiltrates, hypoxemia and pulmonary edema [6, 7] . Endothelial cells (ECs) line the lumen of the blood vessels serving every organ system and provide a semi-selective barrier between the blood and the interstitial space [8] . In ALI, the EC barrier is compromised leading to elevated vascular permeability [9] . A lack of understanding the pathologic mechanisms involved in ALI remains an obstacle to new and effective therapies that reduces the vascular leakage in ALI.
Recently, epigenetic mechanisms have gained great therapeutic potential in the treatment of inflammatory and autoimmune diseases [10, 11] . Previous studies have demonstrated that inflammatory gene expression is regulated by the precise balance between histone-modulating enzymes; histone acetyltransferases (HATs) and histone deacetylases (HDACs) [12, 13] . In addition to modulating histone protein, it has been shown that HDACs can also deacetylate many non-histone proteins to regulate cellular functions such as cytoskeletal acetylation and polymerization, and signal transduction [14] [15] [16] . Acetylation of non-histone proteins might crosstalk with other posttranslational modifications (PTMs) to control cellular signaling [17] . HDACs are classes of enzymes that catalyze the removal of the acetyl groups from specific lysine residues of the histone or non-histone proteins [18] . The inhibition of HDACs has been shown to play an important role in EC barrier protection [19, 20] . In this review, we intend to summarize the current knowledge focusing on the potential effect of HDAC inhibition on the pathogenesis of the ALI.
CHARACTERIZATION OF HDACS
There are 18 characterized members of HDAC superfamily in human which can be divided into two families and four classes according to their function and homology to yeast proteins [21] [ Table 1 ]. The classical family includes the classes I, II, and IV HDACs which are zinc-dependent enzymes and perform metal ion-mediated hydrolysis of acetamide bond in their acetylated substrates while silent information regulator 2 (Sir2)-related protein (Sirtuin) family contains the class III HDACs requiring NAD+ as a cofactor for enzymatic activity [22, 23] . Mechanisms for HDAC regulation occurs at multiple levels involving protein complex formation, PTMs such as phosphorylation, SUMOylation, subcellular localization, availability of metabolic cofactors and proteolytic processing [24] . The class I HDACs (HDAC1, 2, 3, and 8) have sequence similarity to the yeast transcriptional regulator reduced potassium dependency 3 (RPD3) protein. They are ubiquitously expressed and mainly localized within the cellular nucleus [25] . HDAC1 and HDAC2 contain nuclear localization signal (NLS), but not nuclear export signal (NES), therefore they are restricted to the nucleus [26] . HDAC3 are able to shuttle between the nucleus and the cytoplasm which is regulated by competing nuclear import and nuclear export signals [27] . HDAC8 shows relatively low expression and can be found in the nucleus and in the cytoplasm [28] . Class I HDACs are ~350-500 amino acids long. They consist of the conserved deacetylase domain (DAC) with short amino-and carboxy-terminal tails, latter can be modified by PTMs including phosphorylation or SUMOylation in order to regulate the enzymatic activity [24] . HDACs 1-3 form multiprotein complexes with transcription factors and co-repressors to fulfil their deacetylase activities. HDAC8 does not form complexes and is fully active in single molecule [29, 30] . The class II HDACs are protein orthologous to the yeast histone deacetylase-A 1 (HDA1) protein and can be divided into two subclasses such as class IIa (HDAC4, 5, 7 and 9) and class IIb (HDAC6 and 10) [25] . Class II HDACs show tissue-specific expression pattern and functions [31] . They are able to shuttle between nucleus and cytoplasm, however, HDAC6 and 10 are predominantly localized in the cytoplasm [32] . Class II HDACs are considerably larger molecules than class I HDACs, and they have approximately 700-1200 amino acid residues. The class IIa HDACs have the deacetylase domain on the C-terminal and possess a long N-terminal tail containing conserved multiple binding domains and regulatory sites which play a crucial role in the regulation of the nucleocytoplasmic trafficking [29, 33] . The catalytic domain of class IIb HDACs is localized on the N-terminus of the protein. In addition, the HDAC6 has a secondary DAC domain and an ubiquitin binding site on the C-terminal [34] . HDAC10 is closely related to HDAC6 and has a putative second catalytic domain and two putative Rb binding domains on the C-terminal of the enzyme [35] . The HDAC11 shares sequence similarity to both RPD3 and HDA1 proteins and falls into the Class IV as a unique member. It is the smallest HDAC isoform consisting 347 amino acid residues and are located predominantly in the nucleus. HDAC11 has tissue-specific distribution and can be found in the brain, heart, skeletal muscle kidney and testis. It contains a catalytic domain at the N-terminus and short N-and C-terminal extensions [36] .
The class III HDACs have seven members (SIRT1, 2, 3, 4, 5, 6 and 7) and possess homology to the yeast Sir2 protein [37] . They are ubiquitously expressed and show different subcellular localization. SIRT1, 6 and 7 are mainly localized to the nucleus, the SIRT2 can be found in cytoplasm, while the SIRT3, 4 and 5 are mitochondrial proteins [38] . They do not comprise zinc in the catalytic site and uses NAD + as a cofactor in their catalytic reactions. The 275 amino acid long catalytic domain is highly conserved among the sirtuins flanking with variable length of amino-and carboxy-terminal extensions [39] . They can serve as a NAD + -dependent lysine deacetylase or as a mono-ADP-ribosyltransferase. In the deacetylation reaction, nicotinamide, 2'-O-acetyl-ADP-ribose and deacetylated product are generated with the hydrolysis of one NAD + molecule [40] . During the ADP-ribosylation reaction, ADP-ribose from the NAD + is transferred to the acetylated substrate and nicotinamide is released [41] . Both reactions depend on the ratio of NAD + /NADH. Therefore the cellular metabolism can be a potential regulatory mechanism of SIRTs.
BIOLOGICAL FUNCTION OF HDACS
Lysine acetylation/deacetylation of histone and non-histone proteins are major reversible PTMs that are dynamically maintained by two enzymes families, HAT and HDAC [42] . Changes in histone acetylation HDACs: histone deacetylases modify chromatin structure and the activity of transcription factors that serve as an important mechanism for the regulation of gene expression [43] . Deacetylation of histones by HDACs contributes to the compaction of the chromatin structure correlating with gene silencing [44] . Genome-wide mapping revealed that HDACs are also associated with active genes and positively correlated with gene transcription, indicating that they do not only remove the acetyl group in active genes but also reset the chromatin for activation of gene transcription [45] . HDACs deacetylate transcriptional factors mostly repressing the gene expression. However, HDACs can also activate transcription by either reducing the transcription of transcriptional repressor proteins or by deacetylating and activating the transcription activators or by deacetylating and inhibiting the transcription repressors [21] . In addition to regulation of gene expression, activities of HDACs have been shown to indirectly regulate other PTMs including phosphorylation, ubiquitination, methylation, SUMOylation, NEDDilation, biotinylation, etc. [17] . Lysine acetylation can interfere with other lysine modifications, conversely, removal of the acetyl group can promote other lysine modifications that control vital cellular functions such as mRNA integrity, translation, enzymatic activity as well as protein stability, function, localization and interactions [46] . For example, there is a direct competition between acetylation and ubiquitination, namely acetylation blocks ubiquitination and proteasome-mediated degradation of target proteins. Similarly, the deacetylation facilitates protein degradation [47] . Members of the HDAC superfamily have been shown to be involved in many physiological processes such as cell migration, proliferation and survival, cell differentiation, cell cycle, signal transduction, aging, DNA repair and apoptosis [48, 49] . Growing body of evidence show that malfunction of the HDACs play a critical role in many human disorders including cancer, neurodegenerative diseases, metabolic and immunological disorders, inflammatory, cardiac and pulmonary diseases [50, 51] . HDAC inhibition has been reported to display antitumor and antiinflammation properties [52] [53] [54] [55] . It has also been shown that HDACs play an important role in various inflammatory lung diseases including ALI, COPD, and asthma [56] [57] [58] .
HDACS IN ALI
Several reports have indicated that HDAC inhibitors possess beneficial effect in ALI animal models. The primary causes of ALI are the endothelial barrier dysfunction and inflammation [59, 60] . It has been shown that HDAC6-specific inhibitor tubacin ameliorates pulmonary edema in the LPS-induced ALI [19] . Pharmacological inhibition of HDAC6 suppresses the thrombin-induced endothelial barrier dysfunction through increased acetylation of α-tubulin and microtubules stabilization [19] . In addition, Yu et al. [61] found that selective inhibition of HDAC6 by tubastatin A (Tub A) blocks TNF-α-induced lung endothelial permeability and prevents endotoxin-induced pulmonary edema. Pretreatment with Tub A enhanced α-tubulin acetylation and decreased the TNF-α-induced microtubule disassembly, endothelial cell contraction and actin stress fiber formation as well as reduced the phosphorylation of the myosin light chain attenuating the lung endothelial cell hyperpermeability caused by the cytokine [61] . In addition, HDAC6 inhibition by Tub A increases β-catenin acetylation and consequently its membrane translocation leading to increased stabilization of adherens junctions in endothelial cells [61] . Moreover, inhibition of HDAC6 prevents endotoxin-induced deacetylation of α-tubulin and β-catenin in lung tissues and attenuates lung edema formation in mouse model of endotoxemia [61] . The same group demonstrated that selective inhibitors of HDAC6 such as CAY10603 and Tub A prevented the TNF-α-induced caspase 3 activation and endothelial barrier dysfunction via maintaining cell-cell junction integrity [62] . In addition, inhibition of HDAC6 by CAY10603 alleviated the endotoxin-induced lung vascular permeability and caspase-3 activation as well as reduced the lung edema formation [62] . Joshi et al. [20] revealed the mediating role of HDACs in LPS-induced endothelial hyperpermeability and ALI. Inhibition of various HDACs by pan-HDAC inhibitors including panobinostat or trichostatin (TSA) attenuates LPS-induced decrease in transendothelial electrical resistance (TER), Hsp90 activation and chaperone function as wells as diminishes the RhoA activity and signaling. Moreover, pre-treatment with HDAC3-selective inhibitor RGFP-966 or with HDAC6-selective inhibitor Tub A, or combined inhibition of HDAC3 and -6 prevents the LPS-mediated endothelial barrier dysfunction [20] . More importantly, combined pharmacological inhibition of HDAC3 and -6 protected against LPS-stimulated inflammation, capillary permeability, and structural abnormalities in murine model of ALI [20] . HDAC inhibition has been shown to ameliorate the inflammatory responses associated with ALI. Ni et al. [63] reported that broad HDAC inhibitor, butyrate markedly diminishes the pulmonary inflammation in LPSinduced ALI in mice. LPS administration induces histopathological changes in murine lungs, increases the production of TNF-α, IL-1β and NO, as well as increases MPO activity and NF-κB p65 expression that are significantly attenuated by butyrate pretreatment [63] . The lung edema is markedly reduced by butyrate, indicating its protective effect on the LPS-induced ALI [63] . Zhang et al. [64] further confirmed the beneficial effect of butyrate on lung injury. They found that two structurally unrelated HDAC inhibitors, sodium butyrate (SB) and TSA diminished the sepsis-induced lung edema and leukocyte infiltration in lung tissue [64] . In addition, SB and TSA decrease the expression of ICAM-1 and E-selectin in lung tissue and reduces plasma levels of IL-6, indicating that these HDAC inhibitors attenuate sepsis-induced inflammatory lung injury [64] . Other group has also demonstrated that early administration of broad-spectrum HDAC inhibitor valproic acid (VPA) significantly reduces the levels of IL-6 and tumor necrosis factor in bronchoalveolar lavage (BAL) fluid and in plasma as well as improves survival in murine ALI model in gram-negative pneumonia [65] . They also showed that VPA reduces the production of proinflammatory cytokines and the neutrophil influx into the pulmonary parenchyma and alleviates the host systemic and pulmonary inflammatory responses [66] . In addition, the HDAC inhibitor VPA decreases the MPO activity reducing the lung injury induced by the bacterial infection and improves the histopathologic changes related to ALI [66] . VPA has also been reported to prevent ALI induced by ischemia-reperfusion (I/R) in rat lungs. I/R significantly increases the lung edema, pulmonary arterial pressure, lung inflammation and the concentrations of the inflammatory mediators [TNF-α, cytokine-induced neutrophil chemoattractant-1 (CINC-1)] in bronchoalveolar lavage fluid (BALF). Pretreatment with VPA diminishes the I/R-caused alterations via increased heme oxygenase-1 (HO-1) activity that is an essential protective regulator in lung injury [67] . Lu et al. [68] demonstrated that HDAC inhibitors, suberanilohydroxamic acid (SAHA) and its analogue 4-(dimethylamino)-N-[7-(hydroxyamino)-7-oxoheptyl] benzamide significantly decreases early neutrophilic inflammation in murine model of ALI. They showed that these inhibitors are able to block the leukotriene A4 hydrolase (LTA4H) activity and to prevent the leukotriene B4 (LTB4) biosynthesis suppressing the LPS-induced neutrophils migration and infiltration into the murine lungs as well as reduces the production of inflammatory mediator (e.g., TNF-α, IL-1β, and IL-6) induced by LPS [68] . HDAC6 plays an important role in the cigarette smoke extract (CSE)-induced lung endothelial barrier disruption [69, 70] . Cigarette smoke (CS) activates HDAC6 that results in the deacetylation of α-tubulin and microtubule destabilization, leading to the impairment of lung endothelial barrier function and the exacerbation of LPS-or P. aeruginosa-induced elevation in lung vascular endothelial permeability [70] . Downregulation of HDAC6 by tubacin or by siRNAs to HDAC6 significantly reduces the CSE-induced elevation in the endothelial permeability in vitro. In addition, inhibition of HDAC6 attenuates the lung inflammation and lung edema induced by CSE in LPS-or P. aeruginosa-induced ALI animal model, indicating the involvement of HDAC6 in the CS exacerbation of LPS-or P. aeruginosa-induced ALI [70] .
CONCLUSION
In summary, convincing evidence support that members of the HDAC family play a critical role in the development of ALI [ Figure 1 ]. Manipulating the HDAC signaling pathways using multidisciplinary approaches would provide novel therapeutic strategies for the protection of endothelial barrier function and for the intervention of ALI in inflammatory lung diseases. 
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